Since 2003, the flow characteristics of the Yangtze River, currently the only river where the protected Chinese sturgeon, Acipenser sinensis, spawns and where the young grows to the 6 to 8 month juvenile stage, has been regulated by the operation of the Three Gorges Project. The number of seaward migrating juveniles captured (NSMJC) in the Yangtze estuary from 2002 to 2010 was significantly positively related (Pearson correlation, P (two tailed) <0.01; Lg (NSMJC) = 0.870 + 3.930 × AASC, R = 0.940, P = 0.000) to the annual sediment load and annual average sediment concentration (AASC) of the previous year, when adults entered the river and migrated upstream, used refuge areas, and spawned, and when early life stages were reared. This suggests that silt content may have a major effect on adult spawning success and rearing of early life stages. Based on the correlation between numbers of juveniles captured and numbers of adults in the spawning areas in the previous year (Pearson correlation, R = 0.965, P (two tailed) = 0.008), we speculated that the sediment characteristics affected the migration and gonad development of mature individuals and, indirectly, the number of juveniles reaching the Yangtze estuary during the following year. Decreased silt levels in the Yangtze River following installation of the Three Gorges Project may be having a deleterious effect on Chinese sturgeon reproduction and needs further research.
since 2009 as a critically endangered species on the IUCN red list (Wei 2009 ). In the only remaining spawning area below the Gezhouba Dam, a hydro-acoustic assessment in 2002 indicated that the spawning cohort comprised only of 222 individuals (Qiao et al. 2006) . Although artificial propagation and augmentation have been conducted since early 1983, both mark-recapture and molecular genetic identification have indicated that in the Yangtze estuary more than 90% of the A. sinensis juveniles originated from natural reproduction (Zhu et al. 2002; Yang et al. 2005) . Thus, it is critically important to analyze the factors influencing the pre-spawning aspects of adult life history in the river, the reproduction period, and the early growth period to determine if river quality remediation is possible to improve spawning success and juvenile production.
In June and July, after reaching maturity in the sea (male ≥ 8 years, female ≥ 14 years), A. sinensis move into the Yangtze estuary (referred to as river kilometers (rkm) 0) and swim upstream to the middle reaches of the Yangtze River (mainly from Hukou to Yichang) (Figure 1 ), where they remain in pools for overwintering and through the summer of the following year. During this time, gonads gradually mature. In October to November, fish enter the spawning area (rkm 1,675) below the Gezhouba Dam (Yangtze Aquatic Resources Survey Group 1988; Kynard et al. 1995; Wei et al. 1997; Yang et al. 2006) . After hatching, the yolk-sac larvae drift with the water flow and are dispersed for feeding along the river. They arrive at the Yangtze estuary April to August of the following year and gradually migrate into the sea (Yangtze Aquatic Resources Survey Group 1988; Wei et al. 1997; Wei et al. 2009 ). Most post-spawning adults move downstream quickly after spawning, returning to the downstream area or the shallow sea (Wei 2003; Yang et al. 2006) .
Previous studies have indicated that the hydrological environment affects migration and natural reproduction of A. sinensis. According to Yangtze Aquatic Resources Survey Group (1988) , when the water level fluctuated little and wind was from the south, Chinese sturgeon tended to travel upstream, while when the water level rose or fell sharply and the wind was northerly, the fish tended to remain in a fixed location. They found that, in addition to the effects of water temperature, the specific dates of the first and second spawning periods were related to water level and silt content as well as flow velocity. The final water level increase in the autumn had obvious effects on spawning activities (Yangtze Aquatic Resources Survey Group 1988) . Other researchers have suggested that appropriate water temperature is essential for spawning. According to this premise, when water level, flow velocity, and silt content enter a downward trend from high levels and all hydrological elements are in a suitable range, spawning will begin (Wei 2003; Yang et al. 2007) . By establishing a model of the hydrological environment influencing A. sinensis spawning, Zhang (2009) considered that silt content in the river dropped dramatically after completion of the Three Gorges Project (TGP) in 2003, declining more than 90%, probably having adverse effects on A. sinensis natural reproduction.
Studies have focused on river conditions before and after spawning to determine the environmental factors conducive to spawning (Yangtze Aquatic Resources Survey Group 1988; Wei 2003; Yang et al. 2007; Zhang 2009) . The relationship of long-term hydrological and physical conditions such as annual flow characteristics (AFC) with various aspects of pre-spawning migration, refuge occupancy, spawning success, and early growth of A. sinensis is still unknown. We examined the relationship of the number of seaward migrating juveniles captured (NSMJC) in the estuary over a 9-year period to the river characteristics of annual runoff (AR), annual sediment load (ASL), and annual average sediment concentration (AASC) to better understand the relationship between production of juveniles and river parameters.
Methods

Study area
With the completion of the Gezhouba Dam in 1981, the migration route of A. sinensis to the historic spawning areas in the upper Yangtze River and lower Jinsha River was blocked, and fish were restricted to the middle and lower reaches of the Yangtze River (approximately 1,675 km river length, rkm 0 is at the estuary) (Figure 2 ) (Wei et al. 1997) . These reaches flow through foothills and plains with many lakes and tributaries with point bars and islets of varying size (Yu and Lu 2005) . Most of the river channels are 1,000 to 3,000 m wide and 10 to 40 m deep ). Both the river channel and river banks are highly used by humans for navigation, fishing, sand extraction, and habitation. It is one of the most developed areas in China.
Monitoring of juvenile A. sinensis at the Yangtze estuary During 2002 to 2010, a set net (with government permission) was deployed at the Xupu reach, Changshu City to monitor juveniles from upstream stretches (Figure 2 ). The river here is comparatively narrow, so the density of juveniles is higher than in other areas. The net employed was 2,377 m long, 750 m wide, and 4 m deep with 16 net bags and mesh size of 4 cm (measured from knot to knot). The effective net height varied with the water level but was generally at 2.5 m. The net was checked every day except in extremely bad weather, and fish were counted, measured (total and standard lengths), weighed, and released. Any injured fish were transported to the rescue center for treatment before release. Li et al. (2011) 
Data analysis
Currently, any relationship between the AFC of the Yangtze River and freshwater life history of A. sinensis is unknown. In order to explore the relationship, a Pearson correlation coefficient was used for analysis, based on general knowledge of the species. For instance, as the breeding migration of the adults and seaward migration of the juveniles extend over three consecutive years in the river, the AFC over this period was analyzed with respect to its relationship to the NSMJC. The relationships were determined for each year, each consecutive 2 years, and the consecutive 3 years in the period. Subsequently, correlation analysis was conducted among AR, ASL, and AASC at each of the four hydrological monitoring stations to reveal relationships among the AFC. Finally, stepwise regression was used to ascertain the significance of AASC to the NSMJC. Pearson correlation and stepwise regression methods were used to examine relationships between AFC and NSMJC (SPSS, version 16.0). Pearson correlation (test of significance, P < 0.05) was used to measure the strength of linear dependence between correlation is significant at P < 0.05 (two tailed).
AFC and NSMJC (logarithmically transformed) and among AFC. Stepwise regression (probability of F, entry ≤ 0.05, removal ≥ 0.10) adds and removes indices to the regression model to identify a useful subset for predicting NSMJC (logarithmically transformed). ANOVA (F-test) was used to test the significance (P < 0.05) of the model.
Results
Hydrological status before and after TGP Table 1 shows the hydrological status reported at four monitoring stations along the middle and lower Yangtze River before and after the commissioning of the TGP. The major changes following damming of the river were reductions in ASL and AASC. AR also declined, but the decrease was not significant. From Datong to Yichang, much closer to the TGP, the decrease in ASL and AASC was much greater.
Correlations of hydrological status with the number of captured juveniles Table 2 shows the relationship of NSMJC in the Yangtze estuary with AFC of the Yangtze River in the preceding 3 years, from broodstock entering the Yangtze River to the offspring completing migration to the sea (Figure 1 ). The NSMJC showed positive correlation with AR, ASL, and AASC recorded at the four monitoring stations in the preceding 3 years. In addition to a significant positive correlation with Datong station AR, significant positive correlations were observed between NSMJC and ASL and AASC at the four stations. Significant correlations were seen in C F-J , C S-J , C FS-J , and C ST-J . Further analysis revealed that higher C S-J is the primary reason for increase in C FS-J and C ST-J . In other words, the number of juveniles captured at the Yangtze estuary showed a positive correlation with ASL and AASC recorded at the four hydrological stations in the previous year; hence, higher ASL or AASC resulted in a greater number of juveniles in the Yangtze estuary in the following year. Since AR, ASL, and AASC showed differing correlations with NSMJC, a correlation analysis was conducted to probe the relationships among hydrological parameters (Table 3) . Results indicated that ASL was significantly correlated with AASC at the four stations. With the exception of AR and ASL in Datong, no significant correlation was observed between AR and ASL (AASC).
A stepwise regression analysis was conducted to determine the year in which the silt concentration was most highly related to NSMJC (Table 4) . It is showed that under the criteria 'probability of F to enter ≤ 0.05' , regression equations can be computed with the variable 'silt concentration'. Except at Shashi station, the silt concentration in the 
Discussions
This study shows that the number of A. sinensis captured at the estuary is closely correlated with the silt content of the middle and lower reaches of Yangtze River in the previous year. It may be that silt content affects the migration, refuge, and/or reproduction of adult fish or the hatching, survival, and/or growth of the eggs or larvae. Assessment by Yang et al. (unpublished data) of the breeding colony below Gezhouba Dam and the monitoring of juveniles reported by Li et al. (2011) showed that the size of the breeding colony in the spawning area below the Gezhouba Dam has a close positive correlation with the population of juveniles in the following year (Pearson correlation 0.965, P (two tailed) = 0.008). Capture of early life stages of the fish from the river bottom by D-nets also showed that when the number of adults entering the spawning area was fewer, the number of early life stages was also fewer ). Accordingly, the number of juveniles that migrated to the Yangtze estuary in the subsequent year was also fewer. Thus, the number of juveniles is directly affected by the size of the breeding colony in the spawning area below the Gezhouba Dam in the previous year. We speculate that silt levels in the Yangtze River affected reproduction by mature fish as well the number of juveniles reaching the Yangtze estuary the following year. We have conducted studies on the relationship between sediments and gonadal development of the broodstock below Gezhouba Dam. The status of gonadal development of the broodstock was determined by ultrasonography and abdominal puncture methods, and the related hydrological elements (including sediment characteristics) were obtained from Yichang hydrological monitoring station. It showed that higher sediment concentration tended to correlate with better gonad development status (Zhang et al., unpublished data) . This information will be issued in a report in the near future. However, currently, there is no direct evidence that silt content can affect the migration of the fish.
After the study on white sturgeon spawning habitat in an unregulated river, Perrin et al. (2003) hypothesize that reduced light attenuation due to turbidity may substantially influence habitat suitability for spawning within the range of available water Table 4 Stepwise regression analysis and number of A. sinensis juveniles (J) Stepwise regression analysis between annual average sediment concentration at four stations, and the number of A. sinensis juveniles (J) captured at the Yangtze estuary. AASC, annual average sediment concentration. Subscripts indicate stations (DT, Datong; HK, Hankou; SS, Shashi; YC, Yichang) and year (F, first; S, second; T, third).
a Criteria: probability of F to enter ≤ 0.05, probability of F to remove ≥ 0.10. depths and velocities. A. sinensis also exhibit a degree of active selectivity with respect to sediment concentration during natural reproduction (Yangtze Aquatic Resources Survey Group 1988; Wei 2003; Yang et al. 2007 ). The present study indicates that the AASC in the Yangtze River also has an impact on the breeding migration of A. sinensis. Results showed that (Wei et al. unpublished data) , in years of lower sediment concentration, fewer reproducing individuals and more individuals with dysgenesis of the gonads were observed in the spawning area below the Gezhouba Dam in the breeding season. The sediments may serve to promote migratory behavior and gonadal development. Figure 3 shows annual average sediment concentration in the main stream of the Yangtze River and tributaries (Wen 1999; Yu and Lu 2005) , from the estuary (Nanjing) to historic spawning areas (Yangtze Aquatic Resources Survey Group 1988; Wei et al. 1997) . Upstream, in Yibin, sediment concentration was approximately 1.72 kg m . The sediment increases along the river and reaches its highest concentration in the historic spawning areas. According to previous studies and recent catch data, stretches between Shashi and Yueyang, which have higher sediment concentrations than the downstream areas below Yueyang, are currently the main areas of habitation for A. sinensis broodstock during breeding migration (Yangtze Aquatic Resources Survey Group 1988; Wei et al., unpublished data) .
From this analysis, we concluded that sediment may act as an important environmental factor influencing migration and reproduction of A. sinensis. The sediment concentration in the mainstream of the Yangtze River is higher than in its tributaries, with the exception of the Modaoxi, Hanjiang, and Jialing Rivers. The average runoff levels of the Modaoxi, Hanjiang, and Jialing were 1,710, 63, and 2,120 m 3 s −1
, respectively, compared with 13,900 m 3 s −1 (Yichang) for the Yangtze River (Wen 1999; Yu and Lu 2005) . , respectively (Yu and Lu 2005) (Figure 3 ). This difference probably accounts for Chinese sturgeon migrating and breeding only along the Jinsha River, the main stream of Yangtze River.
This leads to the question of why A. sinensis historically breed in the Yangtze River in preference to the many Pacific west coast rivers (Figure 4 ). Research has shown that A. sinensis spawning requires a temperature range of 18°C to 20°C and sediment (Yang et al. 2007) . A. sinensis has also been found in the lower Yellow River and in western North Korea (Yangtze Aquatic Resources Survey Group 1988), but the average temperature of the China offshore seabed in May (Su and Yuan 2005) suggests that the four rivers lying to the north of the Yellow River may not be suitable for A. sinensis breeding due to low water temperature or excessively high sediment concentration (Table 5 ). The Qiantang and Mingjiang Rivers, flowing into the East China Sea, have historically had a small A. sinensis population (Yangtze Aquatic Resources Survey Group 1988). The species has disappeared in this area, possibly be due to the small quantity of water and low sediment concentration. The Hanjiang River has higher sediment levels at 0.28 kg m −3 but insufficient quantities of water. The Pearl River, more similar in water quantity and sediment concentration to the Yangtze River, supports a larger A. sinensis population. Suspended sediment is gradually dispersed in a fan-shape pattern into the southern Yellow Sea and the East China Sea from the Yangtze estuary (Che et al. 2003; Liu et al. 2006; Shi 2010) . The concentration gradient of suspended matter is likely the signal that guides the adult A. sinensis to the estuary entrance for breeding migration. Breeding migration patterns of fish are the result of many factors, including history, environment, internal physiology, and heredity. Navigation is associated with the sun, moon, aurora borealis and aurora australis, and the geomagnetic field as well as with water flow, temperature, and chemistry and other environmental factors (Yin 1995) . Research has indicated that some fish species respond to turbidity resulting from suspended silt during migration. Atlantic salmon (Salmo salar), white bass (Morone chrysops), and belligerent sculpin (Megalocottus platycephalus laticeps) avoid turbid water; common carp (Cyprinus carpio) and mudfish (Parasilurus asotus) behave in an opposite manner (Li 2001) . A. sinensis possesses a variety of sensors such as those for vision, smell, and taste, and a lateral line system, which provide sensitivity to water sediment. It also possesses well developed pit organs. Studies have confirmed that pit organs can detect flow and pressure (Chai 2006) . Studies have also shown that, prior to A. sinensis natural breeding activity, a gradual reduction in sediment must occur. A. sinensis will breed only when sediment concentration reaches suitable levels (Yangtze Aquatic Resources Survey Group 1988; Wei 2003; Yang et al. 2007 ). In addition, spawning has been shown to cease following the dramatic increase of sediment concentration resulting from flood water release (Wei 2003) .
Since the operation of the TGP began in 2003, sediment concentration in the middle and lower reaches of the Yangtze River has been significantly reduced, it is reported that the AASC at Yichang station will decrease by 64.5 % in the next 20 years (Changjiang Water Resources Commission 1997) . This study confirmed that sediment reduction has had adverse effects on the breeding migration of A. sinensis. In addition, there is concern over whether the drastic decline in silt concentration may also have an impact on mating and spawning behavior. In accordance with the existing research, sediment concentration, light conditions, and water depth interact in triggering spawning activity. Silt concentration directly influences illumination of the aquatic environment (Yangtze Aquatic Resources Survey Group 1988); hence, the potential negative impacts of low sediment concentration on A. sinensis spawning needs to be seriously considered.
Conclusions
The number of seaward migrating juveniles captured in the Yangtze estuary from 2002 to 2010 was significantly positively related to the annual sediment load and annual average sediment concentration of the previous year, when adults entered the river and migrated upstream, used refuge areas, and spawned, and when early life stages were reared. This suggests that silt content may have a major effect on adult spawning Rivers flowing into the Western Pacific near the habitat of A. sinensis (Cheng and Zhao 1985) . For the locations of the rivers, see Figure 4 .
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